Bortezomib (V) was combined with thalidomide (T) and dexamethasone (D) in a phase I/II trial to determine doselimiting toxicities (DLT's) and clinical activity of the VTD regimen in 85 patients with advanced and refractory myeloma. The starting dose of V was 1.0 mg/m 2 (days 1, 4, 8, 11, every 21 day) with T added from cycle 2 at 50 mg/day, with 50 mg increments per 10 patient cohorts, to a maximum dose of 200 mg. In the absence of DLT's, the same reiteration of T dose increases was applied with a higher dose of V ¼ 1.3 mg/m 2 . D was added with cycle 4 in the absence of partial response (PR). Ninety-two percent had prior autotransplants, 74% had prior T and 76% abnormal cytogenetics. MTD was reached at V ¼ 1.3 mg/m 2 and T ¼ 150 mg. Minor response (MR) was recorded in 79%, and 63% achieved PR including 22% who qualified for near-complete remission. At 4 years, 6% remain event-free and 23% alive. Both OS and EFS were significantly longer in the absence of prior T exposure and when at least MR status was attained. The MMSET/FGFR3 molecular subtype was prognostically favorable, a finding since reported for a VTDincorporating tandem transplant trial (Total Therapy 3) for untreated patients with myeloma (BJH 2008).
Introduction
Novel effective therapies targeting both tumor cells and their microenvironment may overcome resistance of multiple myeloma (MM) to conventional treatment. Bortezomib (Velcade, V) is a potent and reversible inhibitor of the proteasome system, a key step in the catabolic pathway for many intracellular regulatory proteins including inhibitor of k B (IkB), p53 and the cyclin-dependent kinase inhibitors p21 and p27. 1 Following demonstration of activity in a dose-finding phase I trial by Orlowski et al.,
2 a multi-institutional phase II trial established bortezomib's activity in advanced and refractory MM, 3 which was followed by a phase III study revealing superiority of V over D salvage treatment in terms of response rate, time to progression and survival. 4 We had previously identified thalidomide (T) as the first independently active agent in MM since the introduction of melphalan and prednisone in the 1960s. [5] [6] [7] Its role in combination with dexamethasone in the management of patients with both refractory and newly diagnosed MM has been firmly established. 8, 9 T may act by interfering with adhesive interactions between MM cells and bone marrow stromal cells, 10 altering cytokine secretion, 11 and interfering with secretion of vascular endothelial growth factor and basic fibroblast growth factor-2. 12, 13 A phase II study conducted at the University of Arkansas for Medical Sciences (UAMS) of T had shown that 30% of 169 heavily pretreated patients with advanced and refractory MM achieved a partial response (PR). 6 As V and T target different molecular pathways, we conducted a phase I/II trial combining V with escalating doses of T and added D for patients failing to achieve PR status, with the objectives of defining dose-limiting toxicities (DLT's) and the clinical activity of the VTD regimen in terms of response rate and event-free survival (EFS) and overall survival (OS). Although early results of this trial have been previously reported, 14, 15 we now provide a long-term follow-up account of 85 patients enrolled into this phase I-II trial.
Patients and methods

Eligibility
Patients over the age of 17 years with MM that had relapsed after or had proven refractory to at least 2 lines of prior therapy were candidates for this study. Serum M-protein level 41.0 g/100 ml measured by serum protein electrophoresis or urinary M-protein excretion 4200 mg/24 h or bone marrow plasmacytosis of 430% was required for enrollment. Patients had to have a performance status of p2 as per Southwest Oncology Group (SWOG) criteria, unless a higher scale was due to MM-related bone destruction. Except for adequately treated basal cell or squamous cell skin cancer, in situ cervical cancer, patients had to be cancer-free for at least 3 years. Hematopoietic function had to be preserved as defined by levels of neutrophils exceeding 750/mm 3 and platelets exceeding 25 000/mm 3 . Preexisting 42 grade neurotoxicity as well as active infection requiring antibiotics, serious and interfering medical or psychiatric conditions, pregnancy or breast-feeding were exclusion criteria. This study had been approved by the UAMS Institutional Review Board, and written informed consent was obtained from each patient prior to protocol enrollment in keeping with Food and Drug Administration and institutional guidelines.
Study design
The overall design called for single agent V administration with the first cycle followed by the addition of T with the second cycle, whereas D was added with the fourth cycle in the absence of having attained PR status at that time. Given the relatively early evidence of V responsiveness, we hoped to obtain information, through at least weekly M-protein analyses, on whether the slope of M-protein decline was steepened after the addition of T.
Patients were enrolled in 2 dosing groups of V: group A received V at a dose of 1.0 mg/m 2 on days 1, 4, 8 and 11 on a 21 day cycle; T was added with the second cycle at a starting dose of 50 mg/day with increments to 100, 150 and 200 mg/day in cohorts of at least 10 patients. Group B received V at 1.3 mg/m 2 with the same schedule of administration, and T was added at the incremental dosing schedule delineated for group A. D was added with the fourth cycle at a dose of 20 mg on the day of and after V administration if PR status was not achieved by that time. Those achieving at least PR status after 8 cycles of induction therapy received maintenance therapy with VT or VTD every 3 months at the originally assigned doses.
Toxicities
Toxicities were assessed using the National Cancer InstituteCommon Toxicity Criteria version 2.0. Within a single cohort, DLT was defined as the dose level at which at least four patients experienced X grade 3 neuropathy or other non-hematologic toxicity, or grade 4 hematologic toxicity after completion of 2 cycles of treatment (one cycle of T added to V). The maximum tolerated dose of the V and T was defined as the dose level below that resulting in DLT.
Laboratory monitoring for toxicities and response
Baseline evaluation included a careful clinical examination with special emphasis on the presence of preexisting peripheral or autonomous system neuropathy. MM-relevant investigations included electropheretic analyses of serum and urine to determine the M-protein concentration in the serum and the daily urinary M-protein excretion; in addition, serum levels of albumin, C-reactive protein, b-2-microglobulin and immunoglobulins were determined. Bone marrow examinations called for the procurement of aspirates for morphologic, DNAcytoplasmic immunoglobulin flow cytometric 16 and cytogenetic analyses to determine the presence of metaphase-based cytogenetic abnormalities (CA), 17 whereas bone marrow biopsies were evaluated for hematopoietic cellularity, plasmacytic involvement and evidence of myelodysplastic changes. In consenting patients, bone marrow aspirate and biopsy specimens were procured for gene expression profiling (GEP) studies prior to initiation of protocol therapy to define a risk score and the molecular subtype. 18, 19 We wished to determine whether the GEP-derived risk score and molecular subgroup designation were associated with clinical response and survival. Imaging studies included metastatic bone surveys and magnetic resonance imaging evaluations of the axial bone marrow-containing bone sites to document the presence of focal lesions. 20 Standard laboratory monitoring included baseline and serial follow-up determinations of peripheral hemogram and multichemical scan to document hematological and other organ toxicities. Clinical history and physical examinations were repeated prior to each cycle to document symptoms especially of peripheral neuropathy.
Response and relapse criteria
Complete response (CR) was defined as the absence of urine and serum M-component by immunofixation analysis similar to the criteria established by Blade et al. 21 and, in addition, included the requirement of normal bone marrow aspirate and biopsy without DNA aneuploidy or cytoplasmic light chain excess on flow cytometry. 16 Near-CR (n-CR) required the same criteria except that immunofixation was positive, however, with negative eletrophoresis. Very good partial response was defined as X90% reduction in both serum M-concentration and urinary M-protein excretion; response (R) was defined as X75% reduction in serum M-protein or X90% reduction of urine M-protein; partial response (PR) was defined as X50% reduction in serum M-protein or X75% reduction of urine Mprotein; for all three response levels, the bone marrow had to contain fewer than 5% plasma cells. Minor response (MR) was defined as a 25% reduction in serum M-protein production and/ or a 75% reduction in Bence Jones protein excretion. Responses had to last for a minimum of 2 months and required the absence of new or enlarging bone or extramedullary lesions. All responses were evaluated on an intent-to-treat basis.
Progression was defined as an increase by at least 25% in Mprotein serum level or 24-h urinary excretion above the baseline levels. Relapse from CR required the consistent re-appearance of monoclonal protein on immunofixation analysis; relapse from n-CR required increases in serum-M levels to at least 0.5 g/ 100 ml or in urinary M-protein excretion to more than 200 mg/ day. Relapse from both PR or MR status required an increase in the aforementioned parameters by at least 25% beyond the lowest levels recorded. In addition, the reappearance of monoclonal bone marrow plasmacytosis constituted relapse from CR, n-CR, R and PR status when documented on at least two occasions 2 months apart. In the case of MR, only protein criteria applied. Additionally, the documentation of new bone lesions or extramedullary disease constituted relapse.
Definitions of event-free survival and overall survival EFS and OS were calculated by the Kaplan-Meier method. 22 EFS was calculated from the beginning of treatment until relapse, disease progression, death, or the date of last contact whereas OS was calculated from enrollment until the time of death from any cause or the date of last contact. 23 Multivariate analyses applied stepwise Cox proportional hazards regression models. 24 
Results
Patient characteristics
Between March 2002 and December 2004, 85 patients were enrolled and all could be evaluated for toxicities. The median age was 60 years, and 27% were older than 65 years; 61% were male subjects, 92% had received one and 65% two prior autotransplants; 74% had received and most were deemed to have become refractory to prior T (Table 1) . Seventy-six percent had CA, 42% had GEP-defined high-risk disease, and 27% had FGFR3-type MM. As per protocol none had been treated with prior V. Preexisting peripheral neuropathy was present in 23% of all patients. The median time from start of initial MM therapy was 41 months and was similar in the V and T dosing groups and unaffected by prior T exposure (data not shown). This was also true for most other potentially relevant baseline features. The only imbalances observed between the four dosing groups (V ¼ 1.0 or 1.3 mg/m 2 and T o150 mg or T X150 mg) were C-reactive protein X4 mg/l (P ¼ 0.028) and hemoglobin o10 g/ 100 ml (P ¼ 0.047). The presence of k-light chain (38 vs 79%, P ¼ 0.001) and b-2-microglobulin levels X4 mg/100 ml (23 vs 58%, P ¼ 0.004) were more frequent in the patients with prior T exposure. GEP data on CD138-purified plasma cells were available in 45 patients, whose characteristics were similar to the remainder without such information and comparable among the four treatment cohorts. As is apparent, 42% of subjects with GEP data were deemed to have high-risk MM, which is approximately threefold higher than in newly diagnosed patients enrolled on our Total Therapy trials; 19 27% belonged to the MMSET/FGFR3 molecular subgroup, recently noted to benefit from the addition of bortezomib in Total Therapy 3 when compared to outcomes reported for Total Therapy 2.
25,26
Dose-limiting toxicities according to bortezomib and thalidomide dose levels
2 ), the first two patients at the T ¼ 50 mg/day dose level developed DLT including grade 4 neutropenia and grade 3 renal failure ( Table 2 ). Both conditions were considered possibly related to the treatment and the two patients were subsequently taken off protocol, one for orthopedic surgery and the other due to progressive disease. No further DLTs were observed in the subsequent eight patients enrolled. At the T ¼ 100 mg/day dose level, one patient developed grade 3 anemia and renal failure; these events were determined to be due to disease progression rather that treatment-related, and the patient was removed from protocol. Another patient developed a fungal pneumonia, which was not considered to be treatment-related. One of the 10 patients entered at this dose level was not evaluable for toxicity. At the 150 mg dose level, one patient was hospitalized for seizures, and a subdural hematoma was detected on radiological evaluation; this patient also developed grade 4 leukopenia, possibly related to treatment. The patient was subsequently taken off protocol for disease progression. At the 200 mg dose, three patients experienced DLT: one developed grade 3 renal failure and grade 4 neutropenia, as a result of progressive disease; the other two patients experienced grade 4 neutropenia, with disease progression in one.
In group B (V ¼ 1.3 mg/m 2 ), at the T ¼ 50 mg/day dose, one patient died from pneumonia and sepsis, and this event was not considered drug-related. Two patients experienced grade 3 hypophosphatemia, one of whom had a normal phosphate level on re-testing on the same day whereas the other had stopped taking phosphate supplements prior to this event; normal phosphate values were reported once the patient resumed the phosphate supplement intake. At the T ¼ 100 mg/day dose, two patients experienced grade 3 peripheral neuropathy; these toxicities did not resolve upon discontinuation of treatment and the patients were, therefore, removed from the study. Another patient developed grade 3 hypophosphatemia, deemed unlikely related to the treatment. Three other patients experienced grade 3 fatigue, related to disease progression. After dose escalation of thalidomide to 150 mg, grade 3 sensory neuropathy was seen in a single patient whereas another patient experienced grade 3 fatigue, nausea, diarrhea, hypokalemia, renal failure and mood alteration (depression and confusion). Two other patients in this cohort experienced grade 3 gastrointestinal toxicity, fatigue, syncope and atrial fibrillation, considered not to be related to the study treatment. Grade 4 hematological toxicities were seen in all six patients enrolled in the fourth cohort receiving 200 mg of T. According to protocol design, DLT was reached at V ¼ 1.3 mg/m 2 and at T ¼ 200 mg, so that V ¼ 1.3 mg/m 2 and T ¼ 150 mg was defined as the maximum tolerated dose. Dose de-escalation was not required for any of the patients in group A and for cohorts 1 through 4 of group B.
The median treatment cycle numbers per T cohort in group A were 6, 10, 7 and 2 compared with 12, 6, 11 and 3, Table 1 Baseline characteristics by bortezomib (V) and thalidomide (T) dose Factor All patients Cohort P-value n/N (%), n-number with factor; N-number with valid data for factor. *Sample size assumption for Chi-Square Test is suspect.
Treating AR-MM with a VTD and V-T-D combination M Pineda-Roman et al respectively, in group B. T was administered to 42 patients at a dose p100 mg/day and to 43 patients at a dose X150 mg/day. Twenty patients in group A and 15 in group B received D.
Reasons for trial discontinuation
Sixty patients went off-study due to progressive disease (PD), 8 due to toxicities (neuropathy being the most common), and 3 patients died on-study (one due to progressive disease, another to progressive disease with pneumonia/ARDS as a secondary cause and the third due to sepsis). Six patients chose to go offstudy, and the remaining patients discontinued due to insurance, 3 non-compliance, 2 inter-current illness 1 and physician's choice. 1 One patient went off-study prior to being treated.
Rates and duration of response
Eighty-two of the 85 enrolled patients could be evaluated for response; 3 patients went off-study before response could be evaluated. When examined according to best response level achieved through cycle 8 on an intent-to-treat basis, 6% achieved stringently defined CR, 16% qualified for n-CR and 41% for PR status, for a total percentage of patients achieving at least PR of 63% (Table 3 ). An additional 16% attained MR, 21% were deemed to have not responded or progressed (NR). Although the study was not designed to evaluate whether clinical outcomes were V and T dose-related, an exploratory analysis failed to show such association with frequency and levels of response (Table 3) .
Cumulative rates of response levels, per cycle, are portrayed in Figure 1a on an intent-to-treat basis for all 82 evaluable patients. There was a steep increase in the frequencies of all response levels during the first 3 cycles of therapy; maximum MR and PR rates were reached after 5 cycles although higher levels of response continued to increase through cycle 8. Altogether 26 patients received D at cycle 4 or later. These 26 patients included 12 who received V at a dose of 1.0 mg/m 2 and 14 at the higher dose of 1.3 mg/m 2 . There was no significant difference in highest response rates achieved by patients receiving D vs those who did not receive D. As was the case for response frequency (Table 3) , the duration of PR measured from its onset did not appear to be affected by V and T dosing (Figure 1b) , but tended to be longer in the absence of prior exposure to T (Figure 1c) . Although significantly associated with lower PR and n-CR rates on univariate analysis, prior T exposure did not enter the multivariate model (data not shown).
Event-free survival and overall survival
With a median follow-up of live patients of 46 months, the median durations of OS and EFS for all 85 patients were 22 and 6 months, respectively, and the 12-month survival rates were 68 and 30% (Figure 2a) . Both OS and EFS of the 22 patients without prior T exposure were significantly longer than outcomes in the 63 subjects with prior T (Figures 2b and c) . OS and EFS were also slightly longer among patients receiving the higher V dose of 1.3 vs 1.0 mg/m 2 (P ¼ 0.05 and P ¼ 0.07, respectively) (Figures 2d and e) . The presence of CA documented in 76% Table 2 Toxicities by bortezomib (V) and thalidomide (T) dose in cycle 2 Abbreviations: CR, complete response; MR, minor response; PR, partial response; n/N (%), n-number with factor; N, number with valid data for factor.
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imparted borderline inferior OS (P ¼ 0.09) (Figure 2f ). Finally, patients achieving at least MR status had a superior subsequent survival than those with a lesser degree of response (Po0.001) (Figure 2g ). There was no significant difference in survival among greater levels of response (MR vs PR vs n-CR vs CR) (data not shown). Among the subset of 45 patients with GEP data, EFS but not OS was significantly inferior among the 19 with high-risk MM compared to the 26 with low-risk MM (Figures 3a and b) . 19 Given the limited sample size, a representative account of patients' outcome according to the 8 molecular subgroups could not be given; 25 combining subgroups revealed that patients with CCND1-1 (CD1) and proliferation designations fared significantly worse than the remaining six other groups both in terms of OS and EFS (Figures 3c and d) .
On multivariate analysis of the 77 patients with complete data sets, both OS and EFS were independently adversely affected by prior T exposure (Table 4) . Using response as a time-dependent variable, patients achieving MR status enjoyed superior EFS and OS compared to those not responding. OS was also superior when the higher V dose was applied, while EFS was superior for patients presenting without CA and with k-light chain disease.
Discussion
The VTD combination was well tolerated in all cohorts receiving bortezomib at the 1.0 mg/m 2 dose and in those receiving 1.3 mg/m 2 up to T 150 mg. Although 23% of trial participants had grade p2 peripheral neuropathy at trial onset, aggravation of this toxicity was infrequent with the VTD regimen. Myelosuppression in this heavily pretreated population (92% had one and 65% two transplants) became dose-limiting, but infectious complications were manageable. The VTD regimen had remarkable activity so that 63% achieved PR and 22% n-CR, despite the advanced, refractory and high-risk features of the trial participants: 76% had CA, LDH levels were elevated in 41% and GEP-defined high-risk status was present in 42%. OS and EFS both were shorter in the presence of CA and in case of prior T exposure. Although not designed to determine whether there was a dose effect of T or V on outcome, OS appeared superior when the higher dose of V (1.3 mg/m 2 ) was employed. MR imparted superior EFS and OS, whereas the level of response did not appear to affect survival.
Recently, we have reported on the dramatically different outcomes of newly diagnosed patients when GEP-defined risk was considered. 19 These observations have since been confirmed by the Mayo Clinic group in an up-front transplant regimen, 27 in a multi-institutional salvage trial (APEX) comparing dexamethasone and bortezomib 28, 29 and, for EFS, in the present study. Based on GEP comparisons, especially of paired samples procured at diagnosis and relapse reported for our Total Therapy trials, a higher frequency of high-risk disease reported here (42%) was expected, compared to 13% in Total Therapy 2 and 15% in Total Therapy 3.
19 Such high-risk designation applied to only 16% of patients accrued to the APEX study, 28,29 a frequency similar to that observed in newly diagnosed cases. One can speculate that, in the case of accrual to the APEX trial from a more general practice population, those with high-risk had succumbed early, a reasoning supported also by a lower frequency of CA in the APEX compared to the current VTD trial (68 vs 76%, P ¼ 0.072). In view of the superior outcomes with Total Therapies in the 85% of patients with low-risk MM, a higher proportion of those with high-risk was available at any given time for VTD trial participation at our institution. Superior outcomes with Total Therapy 3 vs Total Therapy 2 were extended to patients with MMSET/FGFR3-type MM, which could be attributed to the incorporation of bortezomib in the more recent trial. 26, 30 Although the sample size with GEP information in the current study was small, patients with MMSET/FGFR3 MM seemed to benefit from VTD in our trial. Treating AR-MM with a VTD and V-T-D combination M Pineda-Roman et al VTD has since been applied as up-front therapy in newly diagnosed patients with MM effecting high rates of CR and n-CR. 31 Our Total Therapy 3 regimen has incorporated VTD (V at 1 mg/m 2 , T at 200 mg, D at 40 mg) into PACE (cisplatin, doxorubicin, cyclophosphamide, etoposide), referred to as VTD-PACE regimen, for induction prior to and consolidation after melphalan-based tandem transplants. 32, 33 CR rates were similar to those observed on the T arm of Total Therapy 2; yet CR duration and EFS were significant and OS borderline superior in TT3. The adverse implications of the FGFR3-type MM in TT2 were no longer observed in TT3.
Treating AR-MM with a VTD and V-T-D combination
VTD or similar combinations, such as VRD (bortezomib (Velcade), lenalidomide (Revlimid), dexamethasone) 34 have since been employed together with melphalan and yielded remarkable activity in both previously treated and especially newly diagnosed patients with MM. [35] [36] [37] Many trials are currently in progress or in planning stages to sort out the most effective and least toxic combinations of new agents in combination with melphalan toward maximizing CR rates and thereby further improving survival in MM.
Because of its rapid onset of response, we see a role for VTD as front-line therapy for both transplant and non-transplant candidates and in the setting of renal failure up to the level of hemodialysis-dependence. 38 Due to its mild myelosuppression, VTD, but not VRD, can be given safely to patients with pancytopenia resulting from cumulative bone marrow damage inflicted by prior therapies. In this setting, we have also combined VTD with metronomically scheduled doxorubicin at a low daily of 5 mg/m 2 administered by continuous daily infusions for 14 days. 39, 40 Results indicated excellent tolerance without aggravation of thrombocytopenia and astonishing anti-myeloma activity, which could be further enhanced by the addition of cisplatin at 1 mg/m 2 likewise administered as continuous intravenous infusion for 14 days and of rapamycin (Barlogie, unpublished data). We and others are also exploring VTD and VRD in the treatment of primary AL amyloidosis. In a setting of intolerance of D, VT alone appears to be quite effective as well.
VTD-PACE is also highly effective in the setting of high-risk refractory myeloma with extramedullary disease presentations including central nervous system involvement (Barlogie, unpublished data). VTD could be safely added to doseescalated and fractionated melphalan in the context of autotransplants to take advantage of the well-documented synergism between melphalan and the components of VTD, 1 which results from inhibition of double-stranded DNA repair. 41 Thus, we were able to administer melphalan at 100 mg/m 2 after V at 1.0 or 1.3 mg/m 2 on days 1, 4 and 7 (total dose, 300 mg/m 2 ) together with T at 200 mg/day for 7 days and D at 40 mg on the day of and after V plus melphalan (stem cell infusion on day 8) in the far-advanced disease setting with encouraging results. 42 Finally, we were able to combine VTD-PACE with melphalan at 25 mg/m 2 /day for 4 successive days and autologous stem cell support on day 6 (Barlogie unpublished). These combinations are all currently being explored in the refractory disease setting, especially for patients with high-risk GEP features.
